The segregation of approximately two dozen distinct mRNAs from yeast mother to daughter cell cytoplasm is a classical paradigm for eukaryotic mRNA transport. The information for transport resides in an mRNA element 40-100 nt in length, known as "zipcode." Targeted transport requires properly positioned actin filaments and cooperative loading of mRNA cargo to myosin. Cargo loading to myosin uses myosin 4 protein (Myo4p), swi5p-dependent HO expression 2 protein (She2p) and 3 protein (She3p), and zipcode. We previously determined a crystal structure of Myo4p and She3p, their 1:2 stoichiometry and interactome; we furthermore showed that the motor complex assembly requires two Myo4p·She3p heterotrimers, one She2p tetramer, and at least a single zipcode to yield a stable complex of [Myo4p·She3p·She2p·zipcode] in 2:4:4:1 stoichiometry in vitro. Here, we report a structure at 2.8-Å resolution of a cocrystal of a She2p tetramer bound to a segment of She3p. In this crystal structure, the She3p segment forms a striking hook that binds to a shallow hydrophobic pocket on the surface of each She2p subunit of the tetramer. Both She3p hook and cognate She2p binding pocket are composed of highly conserved residues. We also discovered a highly conserved region of She3p upstream of its hook region. Because this region consists of basic and aromatic residues, it likely represents part of She3p's binding activity for zipcode. Because She2p also exhibits zipcode-binding activity, we suggest that "hooking" She3p onto She2p aligns each of their zipcode-binding activities into a high-affinity site, thereby linking motor assembly to zipcode.
crystal structure | LPGV hook | type II turn | motor assembly M yosin 4 protein (Myo4p) of Saccharomyces cerevisiae is a monomeric myosin unable to move processively on actin filaments unless dimerized (1) (2) (3) . Dimerization is regulated by the availability of cargo (4) (5) (6) . However, cargo does not bind directly to Myo4p. Instead, cargo binds via an "adaptor" protein, swi5p-dependent HO expression 3 protein (She3p) (7) . Notably, the 425-residue-long She3p contains at least four binding modules that appear to be sequentially arranged along its primary structure (8) (9) (10) (11) . Our recent composite crystal structure of a region of She3p (comprising residues showed that two She3p molecules form a pseudocoiled coil (6) . Strikingly, the pseudocoiled-coil region of She3p displayed two highly conserved surface areas: One of these (comprising residues 42-113) was proposed to be a candidate for tubular ER binding that is mediated by yet-to-be-identified ligand(s) on the cytoplasmic surface of tubular ER; the other conserved region (residues 148-196) binds the C-terminal region of Myo4p (residues 1,016-1,471) (Fig. 1A ). This part of She3p formed a pseudocoiled coil to expose hydrophobic residues for binding to Myo4p (6) . In addition to these two N-terminal binding sites, the C-terminal 92 residues of She3p are dedicated to interact with zipcode and She2p (Fig. 1A) (10) . However, these sites have not yet been characterized at the atomic level, either in isolation or in complex with She2p and zipcode RNA. Likewise, although the crystal structure of a near-full-length She2p [associated into an elongated tetramer (12) ] was established some time ago (13) , crystal structures of She2p tetramers interacting with either She3p and/ or zipcode RNA (crucial for understanding assembly of a transport-competent Myo4p complex) have not yet been reported.
Our previous in vitro assembly data using recombinant proteins suggested a model (6) in which two Myo4p·She3p heterotrimers are "coupled" by a single She2p tetramer together with a single zipcode element into stable, higher-order complex of Myo4p·She3p·She2p·zipcode in a stoichiometry of 2:4:4:1 (6). In the absence of zipcode, we observed the formation of only dynamically unstable complexes between Myo4p·She3p heterotrimers and She2p tetramers. These data led to our proposal for zipcode being the principal determinant for the assembly of a stable complex (6) .
To gain further insight into the assembly pathway at the atomic level, we determined a crystal structure of a complex of She2p and a synthetic 30-residue-long peptide [Protein Data Bank (PDB) ID code 4WNL], representing a region in the C-terminal half of She3p and referred to as She3pep. We found that a highly conserved LPGV motif of She3pep forms a hook-like structure. Each hook contacts a shallow hydrophobic pocket on the surface of one subunit in the She2p tetramer, yielding a She2p·She3pep complex in a 4:4 stoichiometry. Binding of the LPGV motif is accompanied by local conformational changes of She2p tetramer in the vicinity of the binding pockets for the She3p hook. Sequence alignment of various She3p revealed a highly conserved motif containing basic and aromatic residues and located N-terminal to the LPGV hook. We propose that this She3p motif contributes to a zipcode-binding site of She3p and that alignment of this site with the zipcodebinding site in the waist region of the She2p tetramer yields a composite high-affinity site for binding of zipcode.
Results
For crystallization of a She2p·She3pep complex, we used near-fulllength recombinant She2p, essentially as described by Niessing et al. (Materials and Methods and ref. 13 ), a synthetic peptide representing a segment of She3p, and a synthetic zipcode RNA, 44 nt in length and termed E2B-44 (6) . Several synthetic peptides were screened for crystallization. Of these, a 30-residue-long peptide, designated She3pep, yielded diffracting crystals [note that three internal residues, SSG, were omitted in She3pep (Fig. 1A) ; this deletion may have reduced peptide flexibility to yield diffracting crystals]. Although we obtained crystals of suitable diffraction quality only in the presence of zipcode RNA, the crystals did not reveal its electron density. Likewise, crystals washed off their mother liquor did not contain zipcode RNA (Fig. S1 ). These results suggested that zipcode RNA might have facilitated crystal packing for the She2p·She3pep complex without becoming stably integrated into the crystal. Details of data collection and refinement statistics are summarized in Table S1 . Overall Structure of She2p·She3pep Complex. The structure of She2p when in complex with She3pep ( Fig. 1 B-E) resembles the previously reported structure of a near-identical She2p that was crystallized by itself (13) . In both native and She3pep-bound structures, She2p monomers are located adjacent to each other and form parallel dimers, which in turn associate, in a tail-to-tail orientation, into an elongated tetramer. As a result of this tetramerization, the four N termini of She2p are situated at the poles of the elongated tetramer, whereas their C termini point to a waist-like interface formed by the two apposing dimers (ref. 12 and Fig. 1B ). In the structure of the She2p·She3pep complex, an eight-residue-long portion (representing She3p residues 362-369) of She3pep is visible, suggesting that the remaining residues of She3pep are disordered ( Fig. 1 A and B) . The backbone of the central visible portion of She3pep forms a striking hook-like conformation ( Fig. 1 C and D) . The hook contains a highly conserved LPGV motif (Figs. S2 and S3). Importantly, in the She2p·She3pep crystal structure, one hook binds to one subunit in the She2p tetramer (Fig. 1B) . All four hooks in the She2p·She3pep structure can be readily discerned when viewed in rotated surface illustrations (Fig. 1B) . The crystal-structure-derived 4:4 stoichiometry of the She2p·She3pep complex (Fig. 1B ) is in agreement with our previously determined solution-based 4:4 She2p·She3p stoichiometry and, moreover, supports our proposed model for the assembly of an active motor of Myo4p·She3p·She2p·zipcode in a 2:4:4:1 stoichiometry (6).
In a closer look at the She2p·She3pep structure, the She3p hook is located in a She2p pocket that is circumscribed by elements of helices 4 (H4) and 6 (H6) and of loop 6 (L6) (Fig. 1 C  and D) . Note that the conformation of the LPGV hook exhibits the features of a classical type II turn (14, 15) , which is stabilized by a hydrogen bond between the carbonyl group of leucine (L364) and the amino group of valine (V367) (Fig. 1D and Fig. S3 ). The surface residues of She2p provide a highly conserved and hydrophobic pocket for She3p hook binding (Figs. 1E and 2A ).
Conformational Differences Between Native and She3pep Bound
She2p. A comparison between secondary structural features along a relevant segment of She2p ( Fig. 2 A and B) shows several differences in the underlying She2p structure between She3pep-bound and unbound states in shaping a hydrophobic binding pocket. Principal among these differences is an extension of H5 by five residues, at the expense of L6 [ Fig. 2B and Fig. S4A ; ref. 13) . L6 is partially disordered in the native She2p structure (13) , whereas in the She3pep-bound structure, the shortened L6 is more ordered (Fig. 2B and Fig. S4A ), suggesting reduction in its surface entropy. For example, in the She3pep-bound conformation, the backbone of the C-terminal half of L6 is twisted, causing reorientation of hydrophobic side chains toward the hydrophobic pocket rim (Fig. S4B ). This conformational change of L6 is accompanied by a register change (E198 to Q197) in the binding of the critical K153 of H4 to two residues of L6 (Fig. S4B ).
Interactions Between She2p and She3pep Residues. Fig. 2 C and D summarize the types of interactions established by binding of the LPGV hook to the She2p pocket. Interaction is primarily through hydrophobic, Van der Waals interactions and two mainchain hydrogen bonds [between She3p (G366 and K368) and She2p L6 (L200 and E198); Fig. 2D ]. Noteworthy are a strong CH-π interaction between W215 (She2p) and P365 (She3p) (Fig. 2D) , a sharp bend at G366 (She3p) in the type II turn (Fig. S3) , and a high shape complementarity (0.78) between She3pep and the hydrophobic pocket. We estimated the K d for She2p and She3pep to be 2.45 μM (Fig. 3A) (16) , which is similar to the K d of 1.6 μM reported for She2p and full-length She3p (10).
We carried out structure-guided single-site mutagenesis of several interacting residues (indicated in Fig. 2C ) in either the She3p hook (L364R, P365R, G366D, and V367D) or the cognate pocket of She2p (W215R) and assayed by pull-down experiments (Fig. 3 B and C) . In addition, we mutated K153 to serine to destabilize L6. As expected, all of the mutations severely reduced binding between She3pep and She2p ( Fig. 3 B  and C) . The previously reported double mutant of She3p (L364A and V367A) and the triple mutant of She2p (Q197A, E198A, and I199A; Fig. 2C ) (10) overlap with the observed binding sites (Fig.  2 C and D and Fig. S4B) . Likewise, the previously reported double mutant of She2p (F195A and L196A) (Fig. S4B ) and mutants in which αE (H5) (10, 17) was deleted destabilized L6. Viewed in the light of our structure, these mutations weaken the binding of the She3p hook to its cognate She2p pocket.
Discussion
Our crystal structures here revealed that an LPGV motif of She3p forms a hook that is bound to a hydrophobic pocket on the surface of She2p (Fig. 1 C-E) . Both the She3p hook and the She2p-binding pocket are composed of highly conserved residues (Figs. 1E and 2A and Fig. S2 ). Each subunit of the She2p tetramer accommodates one She3p hook. Hence, She2p and She3pep form a complex in a 4:4 stoichiometry (Fig. 1B) . Such a complex can also be detected in solution (Fig. 3) . Stabilization of such a 4:4 "subcomplex" of She2p·She3p in solution occurs within the context of a higher-order 2:4:4:1 Myo4p·She3p·She2p·zipcode complex. Remarkably, stability of this higher-order complex depends on the presence of a single zipcode element (6) . These data point to zipcodes as the key determinant for the assembly of an active motor. Hence, our crystallography-informed stoichiometry between She2p and She3p is in agreement with our previous solution data on the assembly of a motor complex. The crystallography-informed interaction supports our model (6) in which the cargo ends of two Myo4p molecules are strung together by She3p, She2p, and zipcode as a prerequisite for generating an active motor.
Further molecular aspects for assembling zipcoded mRNA into an active motor remains to be determined. Unlike She3p, which is exclusively located in the cytoplasm, She2p contains a nuclear localization signal and exhibits both a nuclear and a cytoplasmic lifestyle. In the nucleus, She2p is thought to associate primarily with zipcoded mRNA with the nuclear protein Loc1p and Puf6p (an mRNA-binding protein that binds to 3′ UTR) (18) (19) (20) (21) . However, most nuclear messenger ribonucloprotein particles are remodeled by helicases either within the nucleus or, during nuclear export, by helicase Dbp5p sitting on guard at the cytoplasmic aspect of the nuclear pore complex (22) . In the cytoplasm, She2p has several partners, such as She3p, zipcode, and Puf6p (10-13, 19, 23, 24) . Of these, a She2p·She3p interaction (described here), in which each She2p subunit of a She2p tetramer provides a cognate binding pocket for a She3p hook, is the only one of the She2p interactions with other partners that has so far been characterized at the atomic level. How a cytoplasmic pool of She2p is partitioned between its binding partners and how partitioning is regulated is not known.
As for the exclusively cytoplasmic protein She3p, our structural analyses of its complexes with interacting partners indicate that She3p's binding sites are arranged in a modular fashion in an N-to C-terminal order (Figs. 1A and 4 and, for details, see ref. 6 ). Besides the structural demarcation of the large binding site for Myo4p (6) , the identification here of the She3p hook (and its binding to a She2p pocket) (Fig. 1 ) presents, to our knowledge, only the second She3p module for which high-resolution structural information on interactions with its binding partners has been established.
It was shown recently that She3p also contains a zipcode-binding activity that was mapped to a C-terminal portion of She3p (10) . Using in silico analyses, we detected another "homology box," only ∼20 residues upstream of the LPGV motif (Fig. S2 ). Because this upstream homology box contains conserved basic and aromatic residues, which are known to be preferred contact residues in RNA-protein interactions (25) , this upstream homology box is a candidate site for zipcode binding. Moreover, previously reported cross-linking experiments identified residues 334-340 on the N-terminal side of the homology box (10) . Because She2p's binding site for zipcode has been mapped to the "waist" of the She2p tetramer (dashed black box in Fig. 4 ) (12, 13), we propose that hooking She3p to She2p brings their respective zipcode-binding sites into close proximity to form a composite binding site for zipcode RNA (Fig. 4) . Such a composite binding site can be expected to be of higher affinity for zipcode than either a She2p or She3p site alone. This scenario would explain the crucial function of mRNA zipcode in cooperatively putting together a stable active motor complex in the cytoplasm (4-6). Moreover, it might explain, at least in part, why She3pep that we used here for crystallization was not long enough (e.g., lacking part of the upstream homology box) for the formation of a stable complex of She2p, She3p, and zipcode (Fig. S2) .
In a highly schematic model ( Fig. 4B and related model in ref. 6), we show two apposing Myo4p·She3p heterotrimers joined by the hook region of four She3p molecules, each interacting with a subunit of a single She2p tetramer. After exit from its coiledcoil region in the Myo4p·She3p heterotrimer, the path of She3p continues as a polypeptide with unknown structure (indicated by dashed lines); after >160 residues (Fig. 1A) , this region enters the waist region of the She2p tetramer, which would place She3p's putative zipcode-binding region adjacent to the zipcode-binding region of She2p; the She3p chain then continues and forms a hook that attaches to a respective She2p-binding pocket, above and below the composite zipcode-binding region; merely to facilitate tracing of the She3p chain, the region without structural information, C-terminal to the hook, is schematically shown to exit from the She2p tetramer, even though it is equally likely that the hook reverses She3p's C-terminal path toward the waist region. We would like to strongly emphasize that the model in Fig.  4B and that in figure 6 of ref. 6 were never intended to make predictions [as was implied in a commentary to our previous work (26) ] about the relative distance or topology of the She2p tetramer relative to the two Myo4p·She3p heterotrimers or about the step size of the active motor. Although negative staining EM indicates a compact structure of the cargo end of an in vitro-assembled motor (5), the low resolution of negatively stained images does not reveal the details necessary for understanding how the various She3p-binding partners are arranged with respect to each other. It is conceivable that some regions of She3p (indicated by dashed lines in Fig. 4B ) interact weakly and dynamically with each other, with the C-terminal tail of Myo4p, with She2p, or with components of the translational silencing machinery, such as Puf6p. Note that this translational silencing machinery must operate prior to and during cytoplasmic mRNA transport. Additional structural information from crystallography, EM, and molecular dynamics will be required to further characterize the molecular interactions among Myo4p, She3p, She2p, RNA, and other components.
Materials and Methods
Cloning. For bacterial expression, DNA fragment encoding wild-type She2p was amplified from commercial genomic DNA of S. cerevisiae (catalog no. 2601d, ATCC) and cloned into modified pGEX-KG vector between NdeI and XhoI sites to create GST fusion proteins. She2p (6-239, carrying cysteine to serine mutations at amino acids 14, 68, and 180), She2p (K153S) (same as She2p but with additional lysine-to-serine mutation at amino acid 153), and She2p (W215R) (same as She2p but with additional tryptophan-to-arginine mutation at amino acid 215) were generated by using the site-directed mutagenesis method. Other DNA fragments encoding She3pep (RSFY-TASPLLSIPKSASPVLPGVKRTASVR; After harvesting, cells expressing GST-She2p (or its two mutants) were lysed by sonication and centrifuged for 40 min at 38,000 × g at 4°C, and the supernatant was loaded onto the Glutathione Sepharose 4B (GE Healthcare) matrix preequilibrated with buffer A (10 mM Hepes, pH 7.5, 1 M NaCl, 2 mM MgCl 2 , and 5 mM DTT), washed and digested by thrombin in buffer B (10 mM Hepes, pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , and 5 mM DTT). Eluted She2p (or its two mutants) was further purified by anion-exchange chromatography using 5 mL of HiTrap Q HP column (GE Healthcare), followed by size-exclusion chromatography using Superdex 200 16/60 (GE Healthcare) in buffer C (10 mM Hepes, pH 7.5, 200 mM NaCl, 2 mM MgCl 2 , and 5 mM DTT). Purified proteins were concentrated by centricon (Millipore) to 60-62 mg/mL in buffer D (10 mM Hepes, pH 7.5, 150 mM NaCl, 2 mM MgCl 2 , and 5 mM DTT) before crystallization or to 10-12 mg/mL in the same buffer for pulldown assays.
We crystallized She2p (10 mg/mL) in complex with a 30-amino-acid-long synthetic peptide She3pep (1.37 mg/mL) (NEO BioLab) in the presence of E2B-44 [5.20 mg/mL (6) (Fig. S2) ] is suggested to contribute to the zipcode RNA-binding (Discussion) and therefore is indicated to enter the zipcode RNA-binding box (dashed black box). Note that the structure of the dashed portion of She3p is presently unknown. Hence, the indicated topology of the various C-terminal She3p ligands (Myo4p, She2p, and zipcode RNA) relative to each other is purely schematic and merely drawn to facilitate visual tracing of those portions of She3p. lane 4), crystal-drop solution (lane 5), crystals washed twice with reservoir solution (lane 6), and E2B-44 (lane 7) were subjected to SDS/PAGE analysis followed by silver staining (Fig. S1) . The RNA could be seen in the drops containing crystal (lane 5); however, the amount of RNA, if at all present, detected in the crystal is insignificant (lane 6).
Data Collection and Structure Determination. Diffraction data were acquired at beamline X-29 at the National Synchrotron Light Source (NSLS) and processed by using MOSFLM and Scala (28) . The structure was solved by molecular replacement using the program Phaser (28) with reported structure of She2p dimer (13) (PDB ID code 1XLY) as the replacement model. Refinement was carried out with Phenix to 2.8-Å resolution to a final R work = 21.2% and R free = 25.4% (Table S1 ). To remove model bias, structure was refined against peptide-omit difference Fourier map and composite omit (2F o − F c ) map, respectively. Interactive model building was carried out in Coot (29) , and figures were generated by using Pymol (30) . Omit maps and average B factor were calculated in CCP4 (28) . Shape complimentarity was calculated by the program sc (31) . The sequence alignment was generated by ClustalW (32) and colored in Jalview (33) . Surface conservation of 3D structure was generated by Homolmapper (34) .
Protein Interaction Analysis. E. coli cells (300-mg pellet) expressing MBPfused She3pep (or its various mutants) were resuspended in 1.5 mL of buffer A. The cells were lysed by sonication and centrifuged for 40 min at 38,000 × g at 4°C, and the supernatant was loaded onto 100 μL of Amylose resin (GE Healthcare) preequilibrated with buffer A. After washing with 1 mL of buffer A and then with 1 mL of buffer D, beads were incubated with purified She2p and its mutants (4 mg/mL, 75 μL) for 30 min and spinned down for 1 min at 2,500 × g. Beads were then washed with 400 μL of buffer D. Beads before spinning (15 μL; as load, L), beads after wash (15 μL; as bound, B), and the wash (15 μL; as W) were loaded with SDS sample buffer, separated by SDS/PAGE, and stained with Coomassie blue (Fig. 3) . For quantitative pull-down assay (16) between MBP-She3pep and She2p, She2p (200 μL, 0.5 mg/mL in buffer D) was titrated with varying amount of MBP-She3pep-bound amylose beads (10, 20, 25, 30, 35, 40, 80, 160 , and 320 μL; 2 mg/mL in buffer D) in a final volume of 520 μL. MBPShe3pep-bound amylose beads were incubated with She2p for 30 min and then spinned down for 5 min at 15,000 × g. Supernatant was collected for each sample, and concentration was estimated by UV 280 . The same experiment was repeated with MBP-She3pep-bound amylose beads alone to subtract the unbound amount of MBP-She3pep contributing in concentration estimation of unbound She2p.
